. At present, coixs mainly grow in south China including Hubei, Yunnan, Guizhou, Guangdong, and Guangxi in south China.
There is fewer coix planting in north China including Liaoning, Jilin, and Heilongjiang, which are located on the Northeast plain and belong to the cold zone. The effective accumulated temperature is insufficient, and cold damage frequently occurs in Heilongjiang province (Chen, Tian, et al., 2014; Chen, Song, et al., 2014) . The low temperature seriously affects the germination, emergence, growth, and yield of coix.
It has been well documented that plant growth regulators (PGRs) play important roles in crop production and resisting environmental stresses (Prat, Botti, & Fichet, 2008) . As a member of the triazole PGRs family, UNZ was increasingly applied in crops (Wu, Sun, Zhang, & Liu, 2013) . This chemical could regulate numerous growth and development processes, such as flowering period (Cao, Zhang, Zhang, & Jiang, 2003) , increasing output and quality , and enhancing plant resistance (Zhang et al., 2007) . Some studies showed that UNZ exerted beneficial effects on alleviating adverse stresses (Gan, He, Yan, & Hu, 2012; Wu et al., 2013; Zhen et al., 2012) . For example, UNZ could improve the anti-oxidation system of the omega plant under low-temperature stress, enhance the photosynthetic electron transfer efficiency in plants, and reduce the damage to leaf cells under low temperature . When sorghum treated by uniconazole, the SOD, POD, and CAT activities showed a trend of earlier increasing and later decreasing with UNZ concentration increasing (Liang, Guo, Zhou, Zhang, & Yan, 2016) . High-throughput sequence analysis is an efficient and powerful method for transcriptome analysis, and over the past several years, the technology has increasingly been used to characterize transcriptomic in plants. It was particularly useful in nonmodel species, whose genomic sequences were often unavailable, such as black cottonwood, Prunus dulcis Mill, Beta vulgaris, Eucalyptus dunnii, and Chrysanthemum nankingense (Liu, Jiang, Lan, Zou, & Gao, 2014; Moliterni et al., 2015; Mousavi et al., 2014; Ren et al., 2014; Tang et al., 2015) . Previous studies mainly focused on the effect of UNZ on the aspects of physiology and biochemistry under adverse stress. However, the effect of UNZ on the transcriptome under low-temperature stress in coix has not been investigated yet.
In this work, we studied the physiological parameters and relevant transcriptome of coix in response to UNZ under low-temperature stress. The DEGs generated by de novo assembly were annotated and analyzed according to unigene's GO annotation and KEGG metabolic pathways. Thus, this study aimed to find the correlation between the physiological parameters and DEGs via the transcriptome analysis, which would be useful for the application of UNZ in the production of coix. At the same time, it provided some references for the coix cultivation in Heilongjiang and other cold regions.
| MATERIAL AND ME THODS

| Plant materials and UNZ treatments
The experiments were conducted in an environmental controlled room at Agricultural Department of Heilongjiang Bayi Agricultural University. Coix seeds were sterilized with 10% NaClO solution for 30 min, rinsed thoroughly three times with distilled water, and germinated at 28°C in the dark. After 96 hr, germinated seedlings were transferred to Hoagland's nutrient solution, in which seedlings were grown in a greenhouse at 25-30°C with a 13-hr/11-hr (day/night) photoperiod and 60%-80% humidity. The nutrient solution was renewed every other day, and the pH was maintained at 5.8. When two leaves of plant were fully expanded, seedlings were subjected to treatments (Huang, Xiang, & Yin, 2017) . A wide range of concentrations of UNZ was examined in preliminary tests. The adequate range of UNZ solution was from 0 to 15 mg/L (Mei, Zheng, Wang, & Li, 2014) . Specific experimental designs were shown in Table S1 , and each treatment consists of three replications. According to growth and physiological parameters measurement, 5 mg/L (U3) of UNZ in coating agent was selected as the most appropriate concentration for experiment.
| Growth and physiological parameters measurement
After 72 hr of the low temperature, thirty plants per treatment were harvested for the measurement of plant height, root length, and stem diameter measured with vernier caliper in minimum value 0.02 mm. The aboveground and belowground samples of coix seedlings were oven-dried at 105°C for 30 min and then dried at 65°C for 72 hr. The dry biomass of aboveground and belowground were recorded and calculated by average.
The fresh leaf materials taken from different treatments were extracted with 1:1 alcohol and acetone mixture. The leaf chlorophyll a and b concentrations in the supernatant of the solution were measured using a spectrophotometer at 663 and 645 nm, respectively (Strain & Svec, 1966) .
Method for obtaining enzyme solution was as follows: Enzymes were extracted from 0.5 g leaves or roots with a prechilled mortar being added 0.1 M phosphate buffer (pH 7.8) and were centrifuged at 15,000 g for 15 min. The supernatants were used to assay enzyme activity, in which operations for the enzyme extractions preparation were performed at 4°C (Maia, Costa de Macedo, Voigt, Freitas, & Silveira, 2010) . Superoxide dismutase (SOD) activity was determined by nitroblue tetrazolium (Karanlik, 2001) . Peroxidase (POD) activity was determined according to the method of Cakmak, Strbac, and Marschenr (1993) . Catalase (CAT) activity was assayed and calculated by monitoring the initial rate of H 2 O 2 disappearance at 240 nm (Gong, Zhu, Chen, Wang, & Zhang, 2005) . Ascorbate peroxidase (APX) activity was assayed and calculated by the changes in absorbance at 290 nm (Nakano & Asada, 1981) .
| Extraction, testing of RNA and cDNA library construction, and sequencing
Mixed samples of five leaves in the treatment of CK, CKL, and U3 were used for RNA extraction (Invitrogen Trizol Reagent of RNA extraction kit 15596018). A cDNA library was constructed using a NEB kit for library preparation and sequenced using an Illumina HiSeq2500 (Beijing Biomarker Technologies Co.)
| The transcriptome assembly and genes functional annotation
High-quality sequencing reads data were first broken into short fragments (K-mer) using Trinity software, and then, the short fragments were extended to longer fragments (Contig) (Grabherr et al., 2011) . The fragment set (Component) was obtained through overlapping these fragments. Lastly, transcription sequence was identified in each fragment set using the method of De Bruijn (Grabherr et al., 2011; Haas et al., 2013) .
Unigene sequences were compared in the following databases using BLAST software (http://blast.ncbi.nlm.nih.gov/Blast.cgi) to obtain annotation information for unigenes. Based on BLAST parameters, those unigenes with an E-value less than 10 -5 were selected.
Sequences of selected unigenes were aligned within databases (Nr, COG, Swiss-Prot, KEGG, GO).
| Calculating unigenes expression lever and detecting differentially expressed genes
Sequencing reads of each sample were compared with the unigene database using the Bowtie method (Langmead, Trapnell, Pop, & Salzberg, 2009 ) and then processed with RSEM (Li, Wang, Zhang, & Wang, 2011) to estimate the expression levels with the FPKM value.
DEGs sets for CK, CKL, and U3 were acquired by differential expression analysis using EBSeq (Leng, Dawson, Thomson, Ruotti, & Rissman, 2013) . During this screening process, FDR < 0.01 and fold change (FC) ≥ 2 were used as screening criteria. The selected DEGs were then hierarchically clustered (Murtagh & Legendre, 2014) .
| Enrichment analysis of differentially expressed genes
The DEGs screened were mainly analyzed by GO function and KEGG pathway enrichment. We extracted GO annotations of DEGs, mapped GO function to the corresponding secondary features based on unigene's GO annotation (Ye et al., 2018) , and drew the histogram. The KEGG pathway enrichment analysis was implemented via KOBAS2.0 (http://kobas.cbi.pku.edu.cn/home.do) (Xie, Mao, Huang, & Wei, 2011) .
| Quantitative real-time PCR verification
According to RNA-Seq data, some specific genes were selected for the analysis of their expressions by the RT-PCR (reverse transcription polymerase chain reaction). Primers were designed using Gene Runner software (Hastings Software, New York, USA).
The sequences and the annealing temperature of each primer are shown in the Table S4 . Total RNA (1 μg) from each selected gene was treated with DNAse I (Invitrogen), translated into first-strand cDNA, which was synthesized with TransScript One-Step gDNA Removal and cDNA Synthesis SuperMix (TransGene Biotech), and then stored at −20°C for subsequent analysis. Each PCR reaction contained 20 μl mixture, consisting of 2 μl cDNA, 10 μl of 2× TransStart Top Green qPCR SuperMix, and 0.4 μl of the forward and reverse primers. All qRT-PCRs were performed in three technical replicates in Bio-Rad CFX96 and performed in two steps: predenaturation for 2 min at 94°C, 45 cycles of denaturation for 2 s at 94°C, and annealing/extension for 15 s at 60°C.
After amplification, the PCR products were sequenced to check the specificity of the primer sets (Table S4 ). Outliers were manually discarded, and the housekeeping gene actin was used as internal standard to calculate the relative expression level, which were standardized to the transcript levels for PtACTIN calculated by the 2 −ΔΔCt method (Livak & Schmittgen, 2001 ).
| Statistical Analysis
All the data presented in the tables and figures were the mean values of three replicates at least, in which results were expressed as mean ± standard deviation (SD). The data were subjected to statistical analysis by SPSS 20.0 for testing the significance of differences.
| RE SULTS
| Effects of S3307 on growth and physiological parameters of coix seedlings under low-temperature stress
The plant height, root length, stem thickness, and aboveground and belowground biomass under CKL showed a significant decreasing trend compared with CK group. The UNZ treatment group could increase stem thickness, biomass, and lateral root numbers and reduce plant height and root length to a certain extent. Comparing to the CKL, the plant stem diameter was increased by 11.90%, lateral root numbers increased by 31.04%, and the aboveground and belowground biomass increased by 13.59% and 10.98%, respectively (Table 1) , while plant height and root length were decreased by 6.62% and 7.95%, respectively.
Low-temperature stress decreased POD, CAT, APX, and SOD activities significantly (p < .05). After uniconazole, the activities of CAT, SOD, and POD of leaves in U3 increased by 13.22%, 13.19%, 68.41%, and 21.71% comparing to CKL (p < .05). The SOD, POD, and CAT ac- higher than that of the CKL group separately.
| RNA-seq and transcriptome profiles of UNZ in response to low-temperature stress for coix leaves
To comprehensively investigate the transcriptome and gene expression profiles of coix seedlings under normal condition, low-temperature stress, and UNZ treatment, three cDNA samples from coix leaves were prepared and sequenced using Illumina HiSeq x-ten platform.
An overview of the RNA-Seq reads derived from the three libraries was presented in Table S2 . After the low-quality reads were removed, 21.16 Gb clean reads were obtained with an average of 6.99 Gb reads for each sample, and the proportion of Q30 was greater than 91.37%, which indicated that the sequencing results were highly accurate.
With the Trinity program (Grabherr et al., 2011) , a total of 246,201 transcripts were obtained from the clean reads with an N50 length of 2,555 bp and a mean length of 1,590.62 bp. Among them, 82,274 unigenes were generated with an average length of 763.45 bp. The length distributions of transcripts and unigenes were given in Table   S3 , which suggested that the sequencing assembly was ideal.
| Gene annotation and functional classification
To predict and analyze the function of the unigenes, we carried out functional annotation by using BLAST against multiple databases such as Nr, Swiss-Prot, GO, COG, KOG, KEGG, eggNOG, and Pfam. (2,230) ( Figure S1 ). binding (13,661), and transporter activity (1,856) for molecular function; and metabolic process (13,324) and cellular process (12, 813) for biological processes, which were related with low-temperature stress.
To further analyze the unigenes, we searched the annotated sequences for the genes involving in COGs classifications. All unigenes were aligned to COG database to predict and classify possible functions, and COG function classification of consensus sequences was showed in Figure S3 . Among these classification, the largest group was general function prediction (973), followed by carbohydrate transport and metabolism (836), signal transduction mechanisms (819), secondary metabolites biosynthesis, transport and catabolism (752), translation, ribosomal structure, and biogenesis (712).
| Differentially expressed gene and KEGG enrichment analysis among three samples
Wilcoxon signed-rank test (FDR < 0.01 and fold change ≥ 2) showed 3,901 and 1,040 genes had different expression level at CK_VS_CKL Relatively, the number of down-regulated DEGs was far more than that of up-regulated under CK_VS_CKL, while the number of upregulated DEGs was far more than that of down-regulated under CKL_VS_U3 (Figure 3a,b) . These results indicated that the expression levels of numerous different genes in coix seedlings were affected by the low temperature and uniconazole.
The significantly enriched pathways of DEGs under CK_VS_CKL and CKL_VS_U3 were represented as Table S5 . Under CK_VS_CKL, 632 DEGs were assigned to the KEGG database involving 116 pathways. Under CKL_VS_U3, 168 DEGs were assigned to 88 pathways.
As shown in Table S5 , the major pathways involved in the cold response were photosynthesis, flavonoid biosynthesis, phenylpropanoid biosynthesis, porphyrin and chlorophyll metabolism, plant hormone signal transduction, carbon fixation in photosynthetic organisms, starch and sucrose metabolism, and glutathione metabolism in CK_VS_CKL. The major pathways involving the UNZ response were phenylpropanoid biosynthesis, starch and sucrose metabolism, glutathione metabolism, diterpenoid biosynthesis, tropane, piperidine and pyridine alkaloid biosynthesis, brassinosteroid biosynthesis, glyoxylate, and dicarboxylate metabolism, which were related to secondary metabolism pathway.
| Differential expression of plant hormone signal transduction-related genes
Approximately 43 DEGs involving plant hormone signal transduction pathways, such as 5 bZIP transcription factor (bZIP), 4 AUX/ IAA family (AUX/IAA), 3 auxin response factor (auxin), 1 jasmonic acid-amido synthetase JAR2 (JAR2), 1 ethylene receptor 3 isoform X3 (Ethylene), putative GID1-like gibberellin receptor (Gibberellin), and BR-signaling kinase 2 (BR), were found between CK and CKL.
Among these genes, up-regulated genes were more than downregulated genes. There were 7 annotated DEGs in plant hormone signal transduction pathways between CKL and U3. Among them, AUX/IAA and auxin were significantly up-regulated. These results suggested that the expression level change in many genes should be directly associated with the dynamic characteristics of UNZ regulating the plant hormone signal transduction of coix responding to low temperature (Table 2 ).
| Differential expression of photosynthesis and Ros-related genes
Approximately 80 (Table 3) . (Table 4 ).
| Differential expression of primary and secondary metabolism-related genes
| Quantitative real-time PCR (qRT-PCR) confirmation
To confirm the accuracy of the Illumina RNA-Seq results, 9 of the transcripts related photosynthesis, sugar, and secondary metabolism were selected for qRT-PCR (Table S4 ). The expression levels of these DEGs with qRT-PCR were compared with those of DEGs with RNA-Seq. A significant correlation (r 2 = .97237) was observed between the RNA-Seq and qRT-PCR ( Figure S4) . The qRT-PCR results were consistent with their transcript abundance in RNA-seq, which verified the accuracy of the DEGs from RNA-seq analyses in this experiment.
| D ISCUSS I ON
In this work, we explored physiochemical and transcriptomic changes of coix in response to UNZ under low-temperature stress.
Our physiochemical data clearly demonstrated that the coix seedlings experienced complex changes in growth parameters, anti-oxidant enzymes, and chlorophyll contents (Figures 1 and 2; Table 1 ).
These changes further suggested that UNZ could strengthen the ability to withstand low temperature by increasing stem diameter and aboveground and belowground biomass. The results were consistent with the findings (Liu et al., 2019; Mei et al., 2014; Qiu, Wang, Yan, & Jin, 2005) .
In this study, the major pathways involved in the cold response were photosynthesis, flavonoid biosynthesis, phenylpropanoid biosynthesis, plant hormone signal transduction, and carbon fixation in photosynthetic organisms, as well as starch and sucrose metabolism under low temperature. The pathways were closely associated with low-temperature stress (Chen, Tian, et al., 2014; Chen, Song, et al., 2014; Sharma, Shahzad, Kumar, et al., 2019; Sharma, Shahzad, Rehman, et al., 2019; wang et al., 2018; Xu et al., 2014) . The major pathways involving in the UNZ response mechanism were phenylpropanoid biosynthesis, starch and which were closely associated with low-temperature resistance . UNZ could enhance low-temperature tolerance in coix, which may be related with brassinosteroid biosynthesis and diterpenoid biosynthesis (Figure 4 ). UNZ primarily inhibited gene expression in relation to diterpenoid biosynthesis metabolic pathways. It was evident that uniconazole could down-regulate the genes coding ent-kaurene oxidase involving in the GA3 metabolism, which were consistent with UNZ catalyzing the oxidation of ent-kaurene to ent-kaurenoic acid in gibberellin biosynthesis (Izumi, Kamiya, Sakyrai, Oahio, & Takahashi 1985 (Huang et al., 2016) and this phenomenon was also observed in our study (Table 1) .
Plant hormones played essential roles in response to abiotic stress through their involvement in signaling networks and physiological processes (Colebrook, Thomas, Phillips, & Hedden, 2014; Lu et al., 2014; Pan et al., 2016; Pantin et al., 2013) . In this study, some functional gene coding hormones were significantly affected. These hormones include auxin, jasmonic acid (JA), gibberellin (GA), brassinolide (BR), and their signal components could participate in UNZmediated plant defense processes. In Figure 4 , adding uniconazole could inhibit the genes coding ent-kaurene oxidase, which were involved in the GA3 metabolism and the major oxidase gene families.
GA12 was regulated in the coix seedling system which confirmed the feedback mechanism of GA content. The major oxidase gene of GA families was all detected after uniconazole treatment (Han et al., 2017) . The 13S-lipoxygenase coded jasmonic acid synthesis was also up-regulated. Auxin was an essential morphogenetic signal participating in the regulation of cell identity during plants development, and auxin signaling pathways constituted a critical component of mechanisms for plant tolerance to abiotic stresses (Pan et al., 2016) .
Substantial evidence has demonstrated a tight link between auxin responses and cold stress (Jain & Khurana, 2009; Rahman, 2013) . In this study, auxin-responsive protein IAA2 isoform X2, auxin-responsive protein SAUR7 (c30004.graph_c0), and auxin transporter-like protein 3 (c17602.graph_c0) were significantly up-regulated under UNZ (Table 2) . Therefore, it was reasonable to speculate that auxin intervenes in coix seedling in response to low-temperature stress. The study demonstrated the complexity of hormone interaction in coix seedlings responding to low-temperature stress after UNZ treatment.
| CON CLUS ION
Our dataset included comprehensive analysis in sequence and DEGs profiling data that provide a dynamic perspective on transcriptomic variations in coix seedlings responding to UNZ under low temperature. Many DEGs were simultaneously found in CK-VS-CKL and CKL-VS-U3 libraries in different functional pathways, such as plant hormone signaling, photosynthesis, and Ros, as well as secondary metabolism. These results provided novel insights into the mechanism of UNZ enhancing the tolerance of coix seedlings to low-temperature stress with respective of physiology and transcriptome. At the same time, it provided some references for the coix cultivation in Heilongjiang and other cold regions.
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